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Abstract 

We present results from BaBar experiment for the measurement of inclusive and exclusive branch- 
ing fractions of B mesons into final states containing J ftp, ip{2S) and Xc- The contributions of CP 
even and odd amplitudes in the decay B° — > J/ipK*° are determined from an angular analysis. We 
report the measurements of the branching ratios B° — ► D* + D*~ and D* + D*~ K s , and the study 
of exclusive two-body and quasi-two-body charmless decays. The branching fraction of the decay 
B° — ► ET*°7 has been determined and the corresponding CP asymmetry has been measured. 
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1 PEP-II and BaBar detector 



The PEP-II asymmetric B-factory collides electrons with 9 GeV energy and positrons with 3.1 GeV 
energy. The center-of-mass energy corresponds to the T(4S) resonance, which is produced with a 
Lorentz boost of [3^f = 0.56 in the laboratory frame. The peak luminosity reached in the running 
period from November 1999 to October 2000 was 3.3 x 10 33 cm~ 2 s— 1. The integrated luminosity in 
that period is approximately 21 fb _1 . An additional 4 fb^ 1 have been collected below the resonance, 
in order to study the non-resonant e + e~ — > qq background. 

The BaBar detector ||] consists of a five-layer double-sided Silicon Vertex Tracker (SVT), a 
Drift Chamber (DCH) with 40 layer, a Cherenkov radiation detector (DIRC: Detector of Internally 
Reflected Cherenkov light) ||, a finely-segmented CsI(Tl) Electromagnetic Calorimeter (EMC) 
and a muon and neutral hadron detector (IFR: Instrumented Flux Return) consisting of Resistive 
Plate Chambers (RPC) incorporated in the flux return of the 1.5 T magnetic field produced by a 
solenoidal superconducting magnet. 

2 B counting 

The determination of the branching fractions of B decays requires a correct estimate of the number 
of produced T(AS) — ► BB events. The number of BB events, Nbb, is estimated from a selection 
of multihadronic decays, after subtracting the expected number of events from continuum, which is 
determined from PEP-II runs taken at a center-of-mass energy below the Y(4&) resonance, scaled 
according to the number of selected dimuon events recorded in on- and off-resonance data. The 
number of BB events is: 

Nbb = N MH - N^^k, (1) 

where Nmh is the number of multihadronic events taken in on-resonance runs, N^IL is the number 
of multihadron events selected off-resonance, and NtfJ are the number of selected dimuon 
events in on- and off-resonance data respectively. The term k = 0.9962 ± 0.0027 corrects for the 
different efficiencies at different center-of-mass energies for dimuon and multihadronic events. The 
number of produced T(4S) — > BB decays for the analyses that are presented in this paper is 
(22.6 ± 0.4) x 10 6 events. 

3 Charmonium decays 

Many B decays containing charmonium final states are important for CP violation studies and 
the determination of sin 2/3. Moreover, the precise determination of many inclusive and exclusive 
branching fractions can be used for a test of theoretical predictions based on the factorization 
hypothesis. 

J/ip, ip(2S) and Xc candidates are reconstructed in final states containing leptons. J/ip candi- 
dates are reconstructed in decays to £ + l~ {I = e or fj,), ip(2S) candidates are reconstructed both in 
l + £~ and J/iJj-K + ir~ decay modes, and Xc candidates are reconstructed in the decay mode J/Vt- 
Details of the performance of BaBar for muon and electron identification and photon energy 
measurement can be found in the Ref. JlJ. 

In the case of final states containing electrons, a bremsstrahlung recovery algorithm is applied: 
final state radiation photons that might have been radiated from electrons coming from charmonium 
decays are identified and considered in the calculation of the final state kinematics. 



3.1 Inclusive Charmonium decays 



The inclusive branching ratios of B decays to charmonium final states are obtained from the fit to 
the number of events under the peaks of charmonium resonances, correct for particle identification 
and reconstruction efficiencies (estimated from control samples extracted from real data), normal- 
ized to the number of produced BB events estimated with the 5-counting procedure described in 
the previous section. 

Inclusive branching fractions for direct decays of B — > J /ipX and B — > Xc\X are obtained 
subtracting the contribution expected from the decay B — > ip(2S)X followed by a decay of the 
ip(2S) in J ftp and Xci> respectively. The branching fractions for ip(2S) to decay to J/ip and Xci are 
assumed to be the PDG values. We determine the inclusive branching fractions shown in Table |l|. 
The Xc analysis shows evident for Xci resonance, with a shoulder that could be interpreted as Xc2- 
The branching fraction for B — > Xc2% is determined to be 0.137 ± 0.058 ± 0.012, but given the low 
statistical significance, we prefer to quote the upper limit Br(B — > Xc2X) < 0.21 x 10 _2 (90%) C.L. 

Table 1: Measured inclusive branching fraction for B to decay to charmonium final states. The 
last two measurement refer to inclusive branching fractions for direct decay. 



Decay Mode 


Branching Fraction 


B -f J/ipX 
B -> tP(2S)X 
B - XdX 
B -► X c2X 


(1.044 ± 0.013 ± 0.028) x 10" 2 
(0.275 ± 0.020 ± 0.029) x 10 -2 
(0.378 ± 0.034 ± 0.026) x 10~ 2 
< 0.21 x 10~ 2 ,90% C.L. 


B -> J/ipX(dir.) 
B XdX (dir.) 


(0.789 ± 0.010 ± 0.034) x 10" 2 
(0.353 ± 0.034 ± 0.024) x 10~ 2 



As a byproduct of this analysis, we determine the branching fractions for ip(2S) — * e + e~ and 
ip(2S) — ► from the ratio of branching fractions for B — > ip(2S)X — > e + e~X and B — > 

tp(2S)X — > fjL + X to B — > ip(2S)X — > J/ipTT + Tr~ X, assuming the PDG value for the branching 
ratio ip(2S) — > J/ipir + ir~. 

The results are 

B(i/>[2S) e + e~) = (8.1 ± 0.9 ± 0.9) x 10~ 3 , 
B(ip(2S) -» /U + /[0 = (7.0 ±0.8 ±0.9) x 10" 3 . 

The ip(2S) — > measurement significantly improves the precision of the current world average. 

3.2 Charmonium production in continuum 

The sample of J / if] candidates shows evidence for events in which the momentum of the J/ip is larger 
than 2 GeV in the T(4S) rest frame, which is kinematically forbidden for B decays. The observed 
number of events is consistent with observed number of J ftp candidates in the data taken below 
the T(AS) resonance energy B. Those events are interpreted as J ftp production in continuum. 



We determine a production cross section of & e + e --tj/$x = (2.52 ± 0.21 ± 0.21) pb and the 
direct production from T(4S) is excluded: B(T{AS) -» J/tpX) < 4.3 x 10~ 4 ,90% C.L. . The 
measured cross section together with the observed angular distribution of the J/ip ||, favours the 
non-relativistic QCD Q models over color-singlet models [|J. 

The (small) contribution from J/tp production in continuum events has been subtracted from 
the estimates of inclusive charmonium branching fractions reported in Table |l|. 

3.3 Exclusive Charmonium decays 

The kinematic selection of exclusive B decays is based on two main variables that provide an 
effective background discrimination. 

• The energy substituted mass: 



s 2 



m ES = y i ~ P B,cm ) 

where s is the PEP-II center-of-mass energy squared, and PB,cm is the measured B momentum 
in the T(4S") rest frame. In the calculation of uies there is no assumption on the mass of the 
particles in the B final state, so tues doesn't depend on particle identification. 

• Energy difference: 

AE = EB,cm — 

where Es^m is the measured B energy in the Y(AS) rest frame. The AE distribution peaks 
around for correctly reconstructed B decays. 

In the decay B° — > J/ipK® the is reconstructed as a cluster in the IFR and/or in the EMC, 
so its direction is measured, but no energy determination is possible. Therefore, only the variable 
AE is determined, assuming the mass constraint tjies = m B to determine the momentum of the 
K L . 

We measure || the branching fractions summarised in Table ||. We report the first observation 
of B°^XciK *- 

Using an unbinned maximun likelihood fit based on kinematic variables, we also determine @ 
the ratio of branching fractions for the decays B + — > J/ipir + and B + — > J /ipK + to be 

B B g::^V (Mi±o - 78±o - i9)xi0 " 2 

3.4 J/ipK*° angular analysis 

The decay B° — > J/ipK* contains a mixture of CP-odd and CP-even amplitudes. It is possible to 
interpret CP-violation asymmetries in this channel by disentangling the two CP components with 
an angular analysis of the decay products. 

The decay can be characterized by three amplitudes An, Aq and A± (defined in the Ref. ||]), 
which correspond to the CP-odd P-wave (Aj_) and CP-even mixtures of S and D waves (Aq and 
Ay). The squared moduli of the three amplitudes and their relative phases can be determined from 
a fit to the angular distribution of the decay products. 



Table 2: Branching fraction for B decays to exclusive charmonium final states. 



Decay Mode 


Branching Fraction 


B° -> J/V>7T° 


(0.20 ±0.06 ±0.02) x 10~ 4 


B° J/^K*° 


(12.4 ±0.5 ±0.9) x 10~ 4 


B+ -f J/ipK*+ 


(13.7 ± 0.9 ± 1.1) x 10~ 4 


B+ -f i/V^ 


(10.1 ±0.3 ±0.5) x 10~ 4 


B° -» J/i>K°(K L ) 


(6.8 ±0.8 ±0.8) x 10~ 4 


B° J/ipK°(K s -^ttV) 


(9.6 ±1.5 ±0.7) x 10~ 4 


B° -> J/ipK°(K s -> TT + O 


(8.5 ±0.5 ±0.6) x 10~ 4 


S° J/i>K°(All) 


(8.3 ±0.4 ±0.5) x 10~ 4 


B° - Xcl IT 


(4.8 ±1.4 ±0.9) x 10~ 4 


B° - Xci^° 


(5.4 ± 1.4 ± 1.1) x 10~ 4 


B+ - Xc i^ + 


(7.5 ±0.8 ±0.8) x 10~ 4 


B+ -> ^(25)7^+ 


(6.3 ±0.5 ±0.8) x 10~ 4 


s° — ► ip(2S)K° 


(6.8 ±1.0 ±1.1) x 10~ 4 



BaBar determinations from fits to the angular distributions are 

\A ± \ 2 = 0.160 ±0.032 ±0.014, 
|^1||| 2 = 0.243 ±0.034 ±0.017, 
|^o| 2 = 0.597 ±0.028 ±0.02, 




= -0.17 ± 0.16 ±0.07, 
= 2.50 ±0.20 ±0.08. 



In the factorization hypothesis the relative phases of the three amplitudes should be or i. 
The measurement of (j>» shows a deviation from tt of three standard deviations, giving indication 
of the presence of final-state interactions. 

The dilution factor for the measurement of sin 2/3 in this channel is determined from the relative 
CP-odd contribution: 

D = 1 - 2\A ± \ 2 = 0.68 ±0.10. 

4 Open Charm decays 



B mesons decays to three-body final states through the chain b — ► ccs have been studied by 
BaBar . The current experimental results on two-body decays B — > D S X, (cc)X, A C X, E C X from 



ALEPH H and CLEO [10] give a contribution to a b —* ccs branching fraction [11] lower than 
expected from the theoretical extrapolation from the semileptonic branching ratio. This may be an 
indication that the three-body decays could give a non-negligible contribution to the total b — > ccs 
branching fraction. BaBar results on B _> D*D^K modes are the following: 

B(B° -> D* + D°K + ) = (0.28 ± 0.07 ± 0.05) x 10~ 2 , 
B(B° D* + D*°K + ) = (0.68 ± 0.17 ± 0.17) x 10~ 2 , 
B(B + -» D* + D*-R + ) = (0.34 ± 0.16 ± 0.11) x 10" 2 . 

The last mode is the first experimental evidence of a color-suppressed mode other than B -^(charmonium)X. 

The decays B — ► D* + D*~ provide an interesting Cabibbo-suppressed b — ► ccci process that 
could provide, with enough events, a determination of sin 2/3 independent on the mode J/i/jK . The 
determination of sin 2/3 would require particular care in the subtraction of penguin contributions, 
which could be non-negligible. The theoretical estimate for the branching fraction of this mode is 



W) «0.1%. 



BaBar measures 

£r(£° -> D* + D*-) = (8.0 ± 1.6 ± 1.2) x 10 -4 



5 Two-body decays 

In the Standard Model the study of charmless two-body B decays with final states tttt and Ktt 
allows us to determine, with sufficient events, through a time dependent CP asymmetry study, 
the value of sin 2a. Unlike the sin 2/3 modes, these decays have a penguin contribution that is 
non-negligible compared to the Cabibbo-suppressed tree decay, and whose phase differs from the 
tree diagram phase. The parameter sin 2a can be extracted frrom the raw CP-violating asymmetry 



for B° —* 7r + 7T by applying a correction that takes into account the penguin pollution [13]. This 
correction depends on all the other B — > tttt amplitudes and, in particular, both B — > and 
B° — ► 7T 7r° need to be measured. 

Particle identification with the DIRC is of fundamental importance to correctly discriminate 
pions from kaon background. Continuum events are rejected on the basis of event shape variables 
that are combined into a Fisher discriminant. The branching fractions are determined from an 
unbinned likelihood fit that combines kinematical information with the Cherenkov angle measured 
in the DIRC. The probability distribution functions for the Cherenkov angle have been determined 
from the control sample D* + — * D°tt + — > (K~-k + )tt + in real data, and for the kinematical variables 
from the off-resonance data and the (AE, ities) sidebands. The results for all two-body modes are 
summarized in the Tables [|, |] and ||. 

The decay channels for the B^ and B° — ► K + ir~ are self-tagging, in the sense that the flavor 
of the b quark in the B meson can be determined from the charge of the particles in the final state. 
For those decays we have determined the direct CP asymmetries reported in Table |6|. 

The decays B — > <j)K and B — > (j)K* are dominated by the gluonic penguin diagrams for b — > sss, 
and provide potentially an independent determination of sin 2(3 and could show direct CP violation 
effects. 

The 4> is reconstructed in the decay mode <j) — * K + K~ , where both final state kaons are identified 
in the DIRC and must have an invariant mass within ±30 MeV of the <f> mass. BaBar results for 
B -> <j)K^ and 07T are reported in Table [7[ 



Table 3: B° — > h + h branching fractions. 



Decay Mode 


Branching Fraction 


Yield 


Significance 


B° - K+Tv- 

B° - TT+TT" 

B° -> K+X" 


(16.7 ± 1.6±{;?) x 10~ 6 
(4.1 ± 1.0 ±0.7) x 10~ 6 
< 2.5 x 10~ 6 (90%C.L.) 


169 ± 171" 
41 ±10 ±7 
8.2lg j ± 3.3 


15.8a 
4.7a 

1.3(7 



Table 4: B + — > 7r°/i + branching fractions. 



Decay Mode 


Branching Fraction 


Yield 


Significance 


B+ - ttV 


(5.ll?°±0.8) x 10- 6 
(10.8l^H;°) x !0~ 6 


07+15 

-13 

75111 


3.4cr 
8.0(7 



Table 5: B + -> and 5° -> iT 7r branching fractions. 



Decay Mode 


Branching Fraction 


Yield 


Significance 


B+ -» ir°7r+ 


(18.2ll;21J;«)xl0- 8 


59lio 


9.8a 


B+ K°K+ 


< 2.6 x 10" 6 (90% C.L.) 


(< 8, 90%C.L.) 


0a 


B° -» K°ir° 


(17.9ll-.Hi-i) xlO- 6 


17.991^ 


4.5a 



Table 6: Direct CP asymmetries. 



Decay Mode 


CP Asymmetry 


90% C.L. interval 


B° -> K+Tv- 

B+ - K+7T 
B~ -> K°7T- 


-0.19 ±0.10 ±0.03 
0.00 ±0.18 ±0.04 
-0.21 ±0.18 ±0.03 


[-0.35, ±0.03] 
[-0.30, ±0.30] 
[-0.51, ±0.09] 



Table 7: B + — ► cj)K^*> , 4>tt branching fractions. 



Decay Mode 


Decay Fraction 


Yield 


Significance 


B + -> <?!>A" + 


(7.7±J;| ±0.8) x 10" 6 


31.4±«;S 


10.5a 




< 1.4 x 10- 6 (90%C.L.) 


o.9it 9 


0.6a 


B+ -> (j>K*+ 


(9.7±|;1 ± 1.3) x 10" 6 




4.5(7 


B+ -> (j}K* + (K+) 


(12.8tg;i ± 3.2) x 10" 6 


7.i^:I 


2.7(7 


B+ -» <^T + (if ) 


(8.0±|:? ± 1.3) x 10~ 6 




3.6(7 


B° -> 


(8.6±2.! ± 1-1) x !0" 6 


16.9±|;f 


6.6a 


B° -> 


(8.1±|-g ± 0.8) x 10~ 6 


lo.si" 


6.4a 



6 Quasi-two body decays 

A number of quasi-two-body and three-body decay modes have been studied by BaBar. Of 
particular interest, a three-body Dalitz analysis of B — ► pir decays allows a determination of sin 2a 
and, at the same time, the strong phases of the tree and penguin diagrams G^]. BaBar results for 
various modes are summarized in Table ^. 

7 Radiative penguin decays 

The decay B — ► if* 7 is dominated by the electromagnetic penguin diagram. The main contribution 
comes from the diagram involving a t quark in the loop, so it is sensitive to the CKM elements Vt s 
and Vtd- The Standard Model prediction for the direct CP asymmetry in B —* K*^ is below 1%. 

In the presence of new physics beyond the Standard Model, the electromagnetic penguin could 
be enhanced by charged Higgs or supersymmetric particles, increasing the branching ratio. The 
direct CP asymmetry could become measurable at BaBar. 

The selection of B° — > K* ^ events is based on identification of a photon in the calorimeter, 
not coming from the decay of a 7r° or 77, and reconstruction of K*° candidates decaying to K + ir~ . 
The rejection of the non-resonant e + e~ — > qq background is performed on the basis of the angle 
formed by the photon and the thrust axis of all particles in the event except those belonging to the 
K*j candidate. BaBar determines the following branching ratio: 

B(B° K*° 7 ) = (4.39 ± 0.41 ± 0.27) x 10~ 5 . 

The sample is composed of 72 ± 9 B° -> K* -/ -> K+tt'^ events and 67.2 ± 9.1 B° -> K* -/ -> 
K + tt~j events. The direct CP asymmetry has been determined to be 

A C p{B° -> K*°j) = -0.035 ± 0.094 ± 0.022 . 



Table 8: Quasi-two-body and three-body branching fractions. 



Decay Mode 


Branching Fraction 


B+ -> Ljh + 


< 24 x 1(T 6 (90% C.L. 


B° -> loK" 


< 14 x 10 _6 (90% C.L. 


B+ 7/^+ 


(62 ±18 ±8) x 1(T 6 


B° 77'^° 


< 112 x 1(T 6 (90%C.L.) 


B+ - iT%+ 


< 28 x 1(T 6 (90%C.L.) 


B+ - 


< 39 x 1(T 6 (90%C*.L.) 


B+ -> p%+ 


< 39 x 1(T 6 (90%C*.L.) 


B+ -> it+Tr+Tr^ 


< 54 x 1(T 6 (90%C*.L.) 




< 22 x 1(T 6 (90%C.L.) 


B° - ^TT* 


(49±13l|) x 1(T 6 



8 Conclusions 

BaBar has recorded 22.6 million BB events in the period from November 1999 to October 2000. 
Analyses hadronic B decays and the study of rare processes in BaBar have shown first evidence 
of charmonium production in continuum and have provided precise determinations of branching 
fractions of B to exclusive and inclusive charmonium final states, including the first observation of 
the decay B° — ► XciK* . BaBar has observed the color-suppressed decay B + — > D* + D*~ K + , and 
studied two-body charmless decays that will provide, with larger data samples, a measurement of 
sin 2a. The radiative penguin decay B° — > K*°j has been studied and a first measurement of the 
CP asymmetry in that channel has been performed. 

Many measurements are still dominated by statistical uncertainty, and more events will allow 
the reduction of the errors and access to more rare channels. 
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